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ABSTRACT: The preparation of a selective turn-on colorimetric
fluoride sensor was achieved through single cobalt(II) ion inser-
tion into a macrobicyclic cryptand. Mono-metallic [Co(mBDCA-
5t-H3)]− (1) and [Zn(mBDCA-5t-H3)]−(2) complexes were pre-
pared in 74 and 84% yields, respectively. Structural characteriza-
tion of 1 confirmed the presence of a proximal hydrogen-bonding
network consisting of carboxamide N–H donors. The reaction of
1 with F− was accompanied by a distinct colorimetric turn-on re-
sponse in mixed aqueous/organic media, and 1 was capable of se-
lective fluoride sensing in the presence of large quantities of poten-
tially competitive anions. Complex 1 represents a unique example
of a fluoride sensor wherein selective F− binding takes place di-
rectly at a transition-metal center and induces a color change based
upon metal-centered transitions. The metal(II) fluoride complexes
[F⊂Co(mBDCA-5t-H3)]2−, 3, and [F⊂Zn(mBDCA-5t-H3)]2−, 4
were both fully characterized including single crystal X-ray anal-
yses. Fluoride binding is synergistic involving hydrogen-bond
donors from the second-coordination sphere together with metal(II)
ion complexation.
Fluoride ion is an attractive target for sensor design due to its
critical role in dental care,1 osteoperosis treatment, 2 skeletal and
dental fluorosis, 3 and the safety of drinking water.4 Properties con-
tributing to effective fluoride sensing include selectivity in the pres-
ence of other competitive anions, high sensitivity, a rapid visual
response upon detection, and the capacity for sensing in aqueous
or mixed organic/aqueous media. Currently studied fluoride sen-
sors typically depend on molecular interactions between the recep-
tor and fluoride anion including the complexation of fluoride to a
main-group Lewis acidic center, 5,6 or the utilization of compounds
containing pre-organized N–H or O–H groups designed to provide
hydrogen bond stabilization to the anion. 7,8 Hydrogen-bond stabi-
lization for the sequestration of anions has been extensively inves-
tigated using macrocyclic aza-cryptand host molecules with work
pioneered by Simmons, Lehn, and co-workers. 9–11 More recently,
Bowman-James expanded the field of anion recognition to include
tren-based polyamide cryptands evincing high affinity for anions
including fluoride. 11–15 Even though such cryptands may serve as
effective hosts for fluoride, they frequently lack the full comple-
ment of features required of a competent sensor.
We sought to enrich the current state of cryptand-based anion
receptor chemistry to enable selective and colorimetric detection
of fluoride through complexation of F− directly to a transition-
metal center. This was achieved through installation of a single
cobalt(II) ion within one of the tren binding pockets of the hexacar-
boxamide cryptand mBDCA-5t-H6. 16 This cryptand behaves both
as an anion receptor17 and a ligand platform supporting cofacial
bimetallic complexes of both transition and main group metal ions
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upon hexadeprotonation.18–20 Insertion of a single transition-metal
ion into the cryptand provides a Lewis acidic binding site for flu-
oride, while the second-coordination sphere offers pre-organized
hydrogen-bond-donating N–H groups. These properties create a
ligand architecture reminiscent of metalloprotein active sites that
contain a built-in hydrogen-bonding network stabilizing ligands
bound to the metal ions. 21 The mono-metallated cryptand motif
was inspired by the work of Borovik22–24 and others 25,26 who have
achieved modulation of the secondary-coordination sphere through
the use of ligands containing H-bond donating moieties.
Herein, we present the design, synthesis, and anion binding prop-
erties of the colorimetric fluoride sensor [Co(mBDCA-5t-H3)]−, 1,
for which selective F− binding takes place directly at a transition-
metal center.27,28 A cobalt(II) ion within the tren binding pocket
of the cryptand must undergo a change in coordination geom-
etry from trigonal monopyramidal to tetrahedral upon fluoride
binding, thereby providing the basis for an accompanying turn-
on colorimetric response that results from metal-centered transi-
tions. The binding of fluoride ion inside the cavity of the cryptand
is synergistic, with hydrogen bond stabilization provided by the
second-coordination sphere together with cobalt complexation. We
also present the preparation, characterization, and fluoride-binding
properites of the diamagnetic Zn(II) analogue ([Zn(mBDCA-5t-
H3)]−, 2). The corresponding fluoride-bound cobalt and zinc com-
plexes have also been isolated and characterized.
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Scheme 1. General procedure to synthesize mono-metallated com-
plexes, where M = Co(II) ([K(DMF)3][Co(mBDCA-5t-H3)], 1), or Zn(II)
([K(DMF)3][Zn(mBDCA-5t-H3)], 2).
The [K(DMF)3]+ salts of the mononuclear cobalt(II) and zinc(II)
cryptands were synthesized according to the protocol shown in
Scheme 1. Selective insertion of a single M(II) ion into the bin-
ucleating cryptand was accomplished through careful optimization
of reaction conditions so as to avoid isolation of material contain-
ing mixtures of the free cryptand, mono-metallic, and bi-metallic
complexes. Controlled mono-metallation was achieved through
treatment of a thawing DMF slurry of mBDCA-5t-H6 with thaw-
ing DMF solutions of KHMDS and Co(OAc)2 or Zn(OAc)2. This
protocol afforded the potassium salts of the mono-metallated Co(II)
([K(DMF)3][1]) and Zn(II) ([K(DMF)3][2]) salts as turquoise and
colorless powders in 74 and 84% yields, respectively. These reac-
tion conditions were optimized to promote selective single-metal-
ion insertion. Controlled mono-metallation of symmetrical binu-
cleating ligands is a commonly encountered challenge during the
preparation of similar systems including cofacial bisporphyrins. 29
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Figure 1. Solid-state molecular structure of [Co(mBDCA-5t-H3)]− (1)
with thermal ellipsoids rendered at the 50% probability level with PLA-
TON. 35 DMF solvent molecules, K+ counterion, and selected H atoms are
omitted for clarity. τ4 = 0.86.
Even though the ligand synthesis is not high yielding as it is a
macrocyclization requiring high dilution conditions, the mBDCA-
5t-H6 anion receptor is nonetheless prepared from readily available
building blocks in a 2:3 condensation reaction that provides gram
quantities of product in less than a week’s time from commercial
starting materials.17
Although the described procedure resulted in selective mono-
metallation of the cryptand, 1H NMR analysis typically indicated
contamination with free mBDCA-5t-H6 impurity (ca. 10%). Purifi-
cation was achieved by exploiting the anion receptor properties of
the free cryptand. Preliminary studies indicated that potassium salts
of 1 and 2 were unreactive with respect to Cl− and Br−; however,
the free cryptand was shown bind these anions. The sequestration
of Cl− and Br− by the cryptand effectively breaks up the intra- and
intermolecular hydrogen-bonding networks, 13,17 rendering the re-
sulting cryptand encapsulated anions fully soluble in solvents such
as THF. Treatment of the potassium salts of 1 and 2 with [TBA]X
(X = Cl or Br) in THF enabled separation of the sparingly solu-
ble TBA+ complexes of 1 and 2 from the THF-soluble cryptand-
encapsulated Br− or Cl− salts. The cryptand-encapsulated chloride
anion ([TBA][Cl⊂(mBDCA-5t-H6)]) was independently prepared
and characterized (Section S2.5).
Crystals of [K(DMF)3][1] suitable for an X-ray diffraction study
were grown by vapor diffusion of Et2O into a saturated DMF solu-
tion of the salt at 23 ◦C, and the solid-state structure is shown in Fig-
ure 1. There are only a few reports in the literature of mono-metallic
complexes of binucleating macrocycles, 30,31 most of which include
lanthanide complexes of phenolate-spaced ligands,32 and octahe-
dral copper(II) complexes of a hexa-imino ligand. 33 In contrast, the
solid-state structure of 1 features the Co(II) center coordinated in a
trigonal monopyramidal geometry 34 within one of the tren bind-
ing pockets. Additionally, Figure 1 establishes the presence of the
vacant second-coordination sphere provided by the metal-free half
of the cryptand. Within the unmetallated half, one N–H group is
engaged in an intramolecular H-bonding interaction (N302–O102
2.926(5) Å) that is similar to the two observed in the structure of
the free cryptand. 19 A second N–H group is externally directed to
form an intermolecular H-bond with a carbonyl oxygen of a neigh-
boring 1 molecule (N102–O701 2.834(4) Å). The intermolecular H-
bonding interactions give rise to an extended network of cryptands
similar to the infinite two-dimensional sheets observed for the free
anion receptor. 17,19 These interactions serve as the basis for the sol-
ubility differences between the mono-metallated complexes and the
cryptand-encapsulated anions 17 that enable the described purifica-
tion procedure (vide supra).
The identities of 1 and 2 have been confirmed by ESI-MS(–),
each with m/z values corresponding to the monoanionic species
(1, 906.42, calc’d: 906.42, Figure S5; 2, 911.40, calc’d: 911.42,
Figure S12). The 1H NMR spectrum of complex 2 (Figure S10)
features a singlet located at δ 1.31 ppm (27H) assigned to the tert-
butyl protons, and three resonances each with integrations of 3H
are observed for the three distinct protons located on the phenylene
spacers. These data indicate that an effective C3 axis of symmetry
is preserved on the NMR time scale for the compound in solution
at 25 ◦C. Due to the paramagnetic d7 Co(II) center, a super-WEFT
(water eliminated Fourier transform) 36 1H NMR spectrum (Fig-
ure S3) of [TBA][1] was collected that allowed for observation of
all 13 broadened and shifted resonances. The resonance observed at
δ 5.10 ppm (∆ν1/2 = 50 Hz) is assigned to the protons of the three
equivalent tert-butyl groups, and the remaining 12 resonances span
a range of –20 to 133 ppm in DMSO-d6. The solid-state FTIR spec-
tra of 1 (Figure S8) and 2 (Figure S13) contain diagnostic amide
N–H vibrations that are absent in the spectra of related bimetal-
lic cryptand complexes, 19 and are consistent with single-metal-ion
coordination and an intact protonated second-coordination sphere.
The electronic absorbance spectrum of 1 measured in DMF (Fig-
ure S6) is characterized by bands located at λmax 428 and 613
nm. 26,37–40 Complex 1 displays a S = 3/2 electronic configuration at
25 ◦C in DMSO-d6, as determined by the Evans method (µeff = 3.67
µB). 41 The X-band EPR spectrum (Figure S7) of a frozen solution
of 1 in DMF at 10 K has axial symmetry with effective g values of
g⊥ = 4.21 and g‖ = 2.03. A characteristic, eight-line 59Co hyper-
fine pattern is observed at gz according to an Az component of the
hyperfine coupling tensor of 80 × 10−4 cm−1. These data confirm
an S = 3/2 ground state, and are in line with features observed for
similar trigonal monopyramidal cobalt(II) complexes.37,38,42 When
measured between 1.3 to –1.6 V vs Fc/Fc+, the cyclic voltammo-
gram of complex 1 (Figure S37) displayed an irreversible process
located at Epa = 329 mV attributed to the CoII/CoIII couple.42
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Scheme 2. General procedure to synthesize mono-metallated fluoride
complexes, [TBA]2[F⊂M(mBDCA-5t-H3)] (M = Co(II), 3, and Zn(II), 4).
Initial fluoride binding studies were carried out through
treatment of a pyridine solution of [TBA][1] with 1 equiv
[TBA][F]·3H2O at 25 ◦C (Scheme 2). This reaction resulted
in a rapid color change from blue to purple with clean for-
mation of a new paramagnetic species after workup as deter-
mined by 1H NMR spectroscopy. The product of this reaction,
[TBA]2[F⊂Co(mBDCA-5t-H3)] ([TBA]2[3]), is characterized by
13 paramagnetically broadened and shifted resonances in its super-
WEFT 1H NMR spectrum (Figure S24), a m/z value of 462.68
(462.71, calc’d, Figure S21), and a λmax of 572 nm (Figure S22).
Purple single crystals of sufficient quality for an X-ray diffraction
study were grown by vapor diffusion of Et2O into a saturated pyri-
dine solution of [TBA]2[3], and the solid-state structure is shown
in Figure 2. The cobalt(II) ion in 3 resides in a tetrahedral coor-
dination geometry with stabilization of the axial F− ligand by six
hydrogen bonds provided by the three carboxamide N–H moieties
of the secondary-coordination sphere (avg. d(F–N) 2.888(6) Å) and
the three internally directed aryl C–H groups (avg. d(F–C) 2.961(3)
Å) of the phenylene spacers. The hydrogen bonding interactions
displayed in the structure of 3 resemble those observed for related
examples of copper and zinc fluoride complexes supported by sim-
ilar ligands.30,43 As shown in Figure 2, the conformational changes
associated with fluoride binding result in complete encapsulation
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Figure 2. Solid-state molecular structure of [F⊂Co(mBDCA-5t-H3)]2−
(3) with thermal ellipsoids rendered with PLATON 35 at the 50% proba-
blity level. TBA+ counter cations, disorder, and non hydrogen-bonding H
atoms are removed for clarity. τ4 = 0.91.
of the anion such that the secondary-coordination sphere of 3 re-
sembles one half of our previously reported cryptand-encapsulated
fluoride and peroxide anions.17
Preparation of the analogous zinc(II) fluoride complex,
[F⊂Zn(mBDCA-5t-H3)]2− (4), proceeded in a similar fash-
ion through treatment of a pyridine solution of [TBA][2] with
[TBA][F]·3H2O (Scheme 2). Isolation of this diamagnetic ana-
logue allowed for observation of the 19F NMR resonance (Fig-
ure S28). The 19F NMR spectrum displays a higher order multiplet
pattern resulting from F− coupling with the carboxamide N–H and
aryl C–H protons, and is consistent with its 1H NMR spectrum that
features the corresponding doublets centered at δ 10.06 (1JH−F
= 26 Hz), and 9.94 (1JH−F = 15 Hz) ppm, respectively. Similar
features have been observed by 1H and 19F NMR spectroscopy for
related examples of cryptand-encapsulated fluoride anions.14,17
There is a distinct and immediate color change associated with
the coordination of fluoride to 1. Accordingly, the fluoride binding
properties of 1 were studied using absorption spectroscopy. The
sensing ability of 1 was tested in DMF solution as shown in Fig-
ure 3. Addition of the TBA+ salts of Cl−, Br−, I−, HPO2−4 , OAc
−,
NO−2 , NO
−
3 , and BH
−
4 to a solution of 1 did not result in any vi-
sually detectable changes in the color of the solution, nor were
any substantial differences in the absorption spectrum observed. In
stark contrast, when [TBA][F]·3H2O was added to this mixture,
pronounced absorption changes were observed that matched signa-
tures of the pure complex 3 (λmax 572 nm), therefore indicating
that 1 has excellent selectivity for fluoride in the presence of excess
(ca. 3 equiv) amounts of potentially competitive anions. Detection
of fluoride by 1 was even observed in the presence of >1000 equiv
Cl−, Br− and I−. The anions investigated for interference in this
system were chosen to reflect species that are commonly examined
when assessing the performance of fluoride sensors.44
Complex 1 was also capable of selective F− detection upon ad-
dition of an aqueous solution of F−, Cl−, Br−, and I− (82:18
DMF/H2O, v/v). The detection of F− by 1 in the presence of wa-
ter is noteworthy considering that fluoride has the highest hydration
enthalpy of all water stable anions (∆H◦ = –504 kJ/mol),45 conse-
quently rendering its detection in the presence of water extremely
difficult.5,46 The instability and low solubility of 1 in neat water
prevented further investigation of fluoride sensing in neat H2O.
Due to the basic character of F−, efforts were made to rule
out the possible involvement of OH− ions that could form during
sensing experiments carried out in the presence of H2O. The puta-
tive cobalt(II) hydroxide species, [OH⊂Co(mBDCA-5t-H3)]2− (5),
was generated in situ through treatment of DMF and DMSO solu-
tions of 1 with excess CsOH (Section S12). The UV-vis properties
of 3 and 5 resemble each other as would be expected considering
the similar nature of F− and OH− as axial anionic ligands. The
1H NMR spectrum of 5, however, displays the tert-butyl resonance
at δ –0.49 ppm, differing from that of 3 by 1.96 ppm. Furthermore,
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Figure 3. Top: images of DMF solutions of 1 treated with 3 equiv of vari-
ous anions. Bottom: UV-vis spectra of [TBA][1] solutions (2.5 mM, DMF,
25 ◦C) treated with the listed anions.
the remaining 12 resonances observed in the super-WEFT 1H NMR
spectrum of 5 are at markedly different chemical shifts from those
of 3. Distinct m/z values were also observed by ESI-MS(–) for 5
(461.71) when compared with a pure sample of 3 (462.68). Upon
close inspection, no traces of the spectroscopic features character-
istic of 5 were present in ESI-MS(–) and 1H NMR data recorded
for pure 3, further substantiating the difference between these two
species and the lack of involvement of OH− during F− sensing.
The binding constants (Ka) of fluoride with 1 were calculated in
pyridine, MeCN, DMF, and DMSO by following UV-vis titration
experiments and monitoring the growth of the absorption located
at 572 nm. The Ka values span a range of 1.3 × 103 to 2.8 × 102
M−1, and demonstrate a significant solvent dependence according
to the following trend: pyridine>MeCN> DMF> DMSO. These
values are within the range reported for other fluoride sensors in the
literature measured in organic solvents or mixed aqueous/organic
media, and indicate a modest affinity of 1 for fluoride ion. 6,8,28,45,47
The reversibility of F− binding to 1 was assessed through treat-
ment of 3 with the free mBDCA-5t-H6 cryptand (1 equiv). Genera-
tion of the cryptand encapsulated fluoride anion, [F⊂(mBDCA-5t-
H6)]−, 17 was indeed observed by 19F NMR spectroscopy (Section
S9), therefore indicating F− binding to 1 is reversible. We note that
B(C6F5)3 also abstracts F− from 3 with conversion back to 1 and
generation of [FB(C6F5)3]− (Section S11).48 The reversibility of
F− binding to 1 may be due in part to an elongated and weakened
Co–F bond resulting from the extensive H-bonding contributions of
the second-coordination sphere. However, scant structural data are
available for tetrahedral cobalt(II) fluoride complexes with which
to compare the Co-F distance in 3 of 2.0554(18) Å.49
In order to assess the sensitivity of sensor 1 to F−, UV-vis exper-
iments were conducted to determine the fluoride limit of detection
(LOD). Although it is not suitable for fluoride detection in neat wa-
ter, complex 1 displays high sensitivity to F−, with a LOD of 2–5
ppm in pyridine solution at 25 ◦C (Section S6), and would provide
adequate fluoride detection in mixed aqueous/organic media.8,50
The results presented in this work expand upon cryptand-based
anion receptor chemistry to allow for selective colorimetric sensing
of fluoride by way of single cobalt(II) ion insertion into mBDCA-
5t-H6. Complex 1 detects fluoride at the ppm level in mixed or-
ganic/aqueous media even in the presence of large amounts of po-
tentially competitive anions. Employing the second-coordination
sphere effects of 1 and 2 offers a new approach to fluoride detection
that could extend to new ligand platforms targeting anion sensing.
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The preparation and anion binding properties of a cobalt(II) cryptand complex that serves as a selective colorimetric turn-on fluoride sensor are pre-
sented. Fluoride binding is synergistic involving hydrogen-bond donors from the second-coordination sphere together with Co(II) ion complexation.
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